Membrane-bound hyaluronan mediates the initial adhesive interactions between many cell types and external surfaces. In RCJ-P chondrocytes, such early contacts are mediated through a thick hyaluronidase-sensitive coat. The early adhesion is followed by integrin-mediated interactions and the formation of stable focal adhesions. During this process, the distance between the cell membrane and the surface is reduced from micrometers to few tens of nanometers. The transition from hyaluronan-to integrinmediated adhesion was studied on glass surfaces by total internal reflection fluorescence microscopy. Hyaluronanmediated adhesion precedes focal adhesions formation by 2-10 min. After these initial interactions, the pericellular hyaluronan remains sequestered into discrete pockets between the cell and the surface, which are a few hundreds nanometers thick and a few micrometers wide, and are flanked by focal adhesions. The hyaluronan coat facilitates the nucleation of small paxillin-rich contacts, which later mature into focal adhesions. These dynamic studies demonstrate that pericellular hyaluronan mediates initial cell-surface adhesion, and regulates the formation of focal adhesions.
Introduction
Cell adhesion to the extracellular matrix (ECM) is a multi-step process that plays a key role in the regulation of cell proliferation, differentiation, motility, and survival Cohen et al, 2004; Zaidel-Bar et al, 2004) . One of the earliest steps of ECM recognition by various cell types is mediated by a hyaluronan-based pericellular coat (Zimmerman et al, 2002; Cohen et al, 2004) . Hyaluronan mediates early cell adhesion in a variety of physiological and pathological states, such as inflammation, wound repair, tumor invasion, angiogenesis, and during tissue morphogenesis (Turley et al, 1991; Savani et al, 2001; Toole, 2001) . The initial attachment of lymphocytes and leukocytes to vascular endothelial cells (DeGrendele et al, 1996; Johnson et al, 2000; Nandi et al, 2004) and the adhesion and extravasation of T-cells (Siegelman et al, 2000) involve interaction of the hyaluronan receptor CD44 on the cells with pericellular hyaluronan on the endothelium (Johnson et al, 2000; Fries and Kaczmarczyk, 2003) . The initial steps in metastasis require adhesion to the ECM and the endothelium, followed by transendothelial invasion. Metastatic cells express high levels of hyaluronan, which binds ECM components such as laminin as well as CD44 on endothelial cells (Draffin et al, 2004; Laurich et al, 2004) .
Hyaluronan is a large linear glycosaminoglycan (D-N-acetylglucosamine-b-D-glucuronic acid), with a typical molecular weight of 10 6 -10 7 Da. Due to the carboxyl group of the glucuronic acid, hyaluronan is negatively charged at physiological pH and forms hydrated gels at very low concentrations (o1%) (Laurent, 1987; Toole, 2004) . Hyaluronan-dependent pericellular coats were observed around various cell types, including chondrocytes and fibroblasts, using particle exclusion assays (Lee et al, 1993) . Due to the high hydration, hyaluronan pericellular coats are difficult to visualize, especially because dehydration, a mandatory step in conventional (non-cryo-)electron microscopy, inevitably reduces a hydrated pericellular coat to dispersed fibres.
Hydrated, 4.470.7 mm-thick pericellular coats were observed around RCJ-P chondrocytes, and 2.270.4 mm-thick coats were observed around A6 epithelial cells, using environmental scanning electron microscopy under fully hydrated conditions (Cohen et al, 2003) . The thick coat of chondrocytes is probably organized as an entangled multi-layer of hyaluronan chains that can be peeled off the cells by sheer force, while the thinner coat of A6 epithelial cells was suggested to consist of a single layer, with each hyaluronan molecule directly anchored to the membrane . Adhesion of chondrocytes and A6 epithelial cells involves interaction of the pericellular hyaluronan with the surface (Hanein et al, 1993 (Hanein et al, , 1994 Zimmerman et al, 2002; Cohen et al, 2003) . These interactions are specific, and depend on the organization of hyaluronan in the pericellular coat. The hyaluronan coat of A6 epithelial cells mediates rapid adhesion to specific crystal surfaces (Hanein et al, 1993 (Hanein et al, , 1994 Zimmerman et al, 2002) as well as conventional substrates, and its removal by hyaluronidase blocks or slows down the adhesion of these cells to a variety of substrates (Hanein et al, 1993 (Hanein et al, , 1994 Zimmerman et al, 2002) . Interestingly, hyaluronan can also block adhesive interactions, when present on both the cell surface and the adhesion substrate (Zimmerman et al, 2002) . In contrast to the rapid interaction of A6 cells, the thick entangled multilayered pericellular coat around chondrocytes mediates 'soft contacts' with the surface, allowing cell drifting following the application of an external sheer force (Cohen et al, 2003 ).
Hyaluronan-mediated adhesion thus initiates when the cell membrane is separated from the surface by a few micrometers. The following stage of adhesion involves integrin interaction with their ligands. Integrins are transmembranal heterodimers of a and b subunits, which bind to ECM components such as fibronectin and vitronectin (Zamir and Geiger, 2001; Hynes, 2002) and form the intracellular membrane interface to the actin cytoskeleton (Critchley, 2000) . Following integrin-ECM interactions, an adhesion complex is formed, containing multiple molecules, including paxillin, vinculin, and talin (Petit and Thiery, 2000; Geiger et al, 2001; Zamir and Geiger, 2001; Hynes, 2002) . Once focal adhesions, the prototypic form of integrin-mediated adhesions, are established, the cell membrane is typically separated by only a few tens of nanometers from the substrate, ranging from B15 nm (Curtis, 1964) to B50 nm (Iwanaga et al, 2001) , suggesting that before reaching this proximity the pericellular hyaluronan must be modified or removed by the cells.
Here we study the dynamics of the transition from the initial 'soft' hyaluronan-mediated adhesion to the formation of tight integrin-mediated contacts. In order to follow the sequence of molecular events involved in these adhesive interactions, we took two-color total internal reflection fluorescence (TIRF) (Reichert and Truskey, 1990) time-lapse movies of cells expressing paxillin-GFP, with the hyaluronan coat labeled by quantum dots (QDs). The dynamic relations between hyaluronan and focal adhesions formation were investigated by single-cell analysis of early cell-matrix interactions, with time resolution of seconds-to-minutes.
Results

Hyaluronan-mediated adhesion precedes fibronectinmediated adhesion
Characterization of the initial interactions between the cells and the underlying surfaces requires specialized techniques that enable visualization of the cell-surface interface at high temporal and spatial resolution. The primary technique of choice, in this study, was TIRF microscopy (Reichert and Truskey, 1990) . In TIRF, a laser beam enters the sample coverslip at a shallow angle such that it is fully internally reflected from the interface between glass and sample buffer. This produces an evanescence wave, which decays exponentially as a function of distance from the glass surface. As a result, fluorescence is effectively excited from the sample only in a region of about half the wavelength, namely, B240 nm from the interface, using the illumination system used in our experiments. The cell-substrate interface may thus be observed, avoiding background fluorescence from deeper regions in the cell body.
In order to study the transition from hyaluronan-to integrin-mediated adhesion, a line of chondrocytes, stably expressing the fusion protein paxillin-GFP, was prepared. This protein is normally targeted to early stages of cell-matrix focal adhesion assembly (Zamir and Geiger, 2001) . The hyaluronan pericellular coat of the same cells was labeled with biotinylated hyaluronan-binding protein (bHABP), bound to streptavidin-conjugated QDs. The double fluorescence labeling allowed simultaneous monitoring of the hyaluronan pericellular coat and of focal adhesions. Double-labeled cells were seeded on thin glass culture dishes precoated with 15% serum. Time-lapse movies were recorded using two-color TIRF microscopy, starting 1 min after plating the cells, and collecting images every 15 s for 75 min (see Supplementary Movie 1) .
In all, 17 cells from the TIRF movies were examined frameby-frame for the appearance of QD and paxillin. Hyaluronan interactions with the surface are indicated by the appearance of QDs within the TIRF field, which occurred in all cells minutes before paxillin became visible. Specifically, this phase of exclusively hyaluronan-mediated cell-substrate interactions lasted at least 2 min and up to 10 min before paxillin appeared in the TIRF field (2.9 min mean value). The onset of paxillin appearance was defined by a persistent increase in the pixel intensity of paxillin-GFP above background ( Figure 1F ). Interestingly, after the first appearance of paxillin sites, definite paxillin-containing structures formed within 30 s, indicating that the formation of stable adhesion complexes following the formation of the first direct physical contact is relatively fast (sub-minute) ( Figure 1F) . While it appears that paxillin-rich focal adhesions are induced following interactions with the substrate, we cannot exclude the possibility that paxillin is recruited to the membrane even before the cell membrane attaches to the surface, which might facilitate formation of focal adhesions.
In one of the cells (see Supplementary Movie 1), the first QDs ( Figure 1A , arrowheads) appear 10 min before paxillin-GFP structures become visible ( Figure 1B, arrow) . Definite focal adhesions are formed after an additional 2 min, and the cell rapidly spreads ( Figure 1C ). Similar results were obtained for cells seeded on glass surfaces precoated with 10 mg/ml fibronectin or 100% serum. In both cases the QDs preceded the appearance of paxillin-containing structures by more than 1 min, indicating that the nature of the surface-bound ECM does not affect the order of formation of hyaluronan-and integrin-mediated adhesions. It was noted that the formation of hyaluronan-mediated adhesions, as determined by QDs appearance, was somewhat delayed on the fibronectin-coated surfaces (compared to serum-coated surfaces), suggesting that fibronectin might reduce the interaction of the hyaluronan coat with the surface (Supplementary Figure 1) .
Lateral movement within the hyaluronan gel
The hyaluronan pericellular coat of chondrocytes was shown to be approximately 5 mm thick (Cohen et al, 2003) , whereas the distance between the cell membrane and the surface in focal adhesions is only a few tens of nanometers. Thus, the hyaluronan layer needs to be reduced (at least locally) by a factor of 40-100, or removed from the cell-substrate interface, to enable focal adhesion formation. Examination of QDs lateral movement showed, however, no directional translocation of QDs, implying that the hyaluronan coat is not displaced to the cell periphery during focal adhesion formation ( Figure 1D ). As the QDs occupy less than 0.05% of the volume of the pericellular hyaluronan coat (experimental value), they are not likely to significantly affect the lateral displacement of the coat. QDs that can be tracked only in a small number of frames (due to changing heights) may appear to have some directional movement, but even in these cases they do not display any preferential movement toward the cell periphery ( Figure 1E ). QDs persisting for a large number of frames move randomly within regions of a few to 15 mm 2 , implying that hyaluronan remains trapped in 'pockets' under the cells rather than being pushed to the cell periphery.
Vertical movement of QDs
In the TIRF field, movements in the vertical direction lead to exponential decay in light intensity, such that particles close to the glass surface have the highest intensity. The intensity decays sharply when moving away from the glass and disappears when the QDs are located at distances 4240 nm from the glass. However, changes in fluorescence intensity may be attributed not only to vertical movement of the QDs but also to blinking (Shimizu et al, 2002) . To assess the extent of vertical movements of the hyaluronan-bound QDs, we measured the QDs intensity during the movie and determined the frequency of intensity fluctuations. The measured QDs intensities are depicted here using 3D graphs; the cell periphery is outlined in red, whereas the heights of the peaks represent QD intensity ( Figure 2 and Supplementary Movie 2). Individual QDs are represented with distinct colors. QDs display fast dynamics during the first 10 min of adhesion, before the formation of defined paxillin-containing structures (illustrated in four sequential frames from Supplementary Movie 2; Figure 2A and B). Eight different QDs are visible, each in one of these sequential frames, with the exception of the yellow peak that is visible in two frames. As the blinking probability of QDs calculated for our experiment (exposure time of 500 ms) according to Shimizu et al (2002) is 1:10, it is unlikely that all eight QDs disappear due to blinking. As cell spreading progresses, more QDs become visible: for example, 16 QDs appear within four sequential frames 21-21.75 min after seeding (Supplementary Movie 2), suggesting that a larger amount of hyaluronan accumulates within a volume of thickness B240 nm (TIRF range) from the glass substrate. This could result from collapse of the hyaluronan coat under the cell ( Figure 2C and D). Furthermore, the QDs are less dynamic at late time points, compared to the first 10 min of adhesion: seven QDs (44%) appear in at least two frames, but nine QDs (56%) still appear only in one frame. The fluctuation in QDs fluorescence intensity was again almost an order of magnitude faster than anticipated from the blinking probability. Based on these considerations, we conclude that QDs disappearance represents vertical displacements of 240 nm or more of the hyaluronan-bound QDs. This implies that part of the hyaluronan pericellular coat remains encapsulated in subcellular domain pockets with thicknesses 4240 nm, during and even after spreading ( Figure 2C and D). These pockets are concentrated in areas flanked by focal adhesions, but not densely populated by focal adhesions in their interior.
Hyaluronan redistribution under the cells during spreading
In an effort to follow the fate of hyaluronan before, during and after formation of focal adhesions, we have recorded the history of QDs lateral movements throughout the entire spreading process. To mark the space occupied by hyaluronan, the appearance of each QD was represented by a colored pixel, and all pixels were plotted in cumulative manner, such that all the positions where a QD appeared at any time are marked with a colored pixel. Different colors were assigned for QDs detected within specific time windows, whereas white pixels correspond to paxillin-containing struc- Figure 3A) . At later stages, concomitantly with cell spreading and increased focal adhesion formation, QDs became progressively clustered in confined pockets and their movement in the XY plane was restrained ( Figure 3C) .
A similar reorganization of hyaluronan under spreading chondrocytes was observed using Quantomix QX TM chambers, designed for 'wet SEM' analysis (Gileadi and Sabban, 2003) . A thin membrane, to which the cells can adhere, seals these chambers, such that, following fixation, the sample can be observed in the scanning electron microscope (with the membrane side facing the electron gun), while the cells remain immersed in water. The electron beam penetrates through the membrane reaching the cells. Chondrocytes were labeled with bHABP and streptavidin-gold, and seeded in QX TM capsules for 5, 10, 20 and 30 min, before fixation. Gold particles are visible on the ventral side of the cell membrane (Figure 4 , white particles). The beam penetration through QX TM capsules is estimated to be 2-3 mm (Gileadi and Sabban, 2003) . Gold particles located at a distance 43 mm from the membrane appear unfocused. This property gives a qualitative dimension of depth to the sample. In agreement with the TIRF observations, gold particles are scattered evenly under the cells 5 min after seeding ( Figure 4A ), but after 10 min the gold particles appear more organized ( Figure 4B ). At 20 and 30 min after seeding, the gold particles become clustered under the cells in welldefined pockets ( Figure 4C and D, respectively).
CD44 is excluded from paxillin-containing structures
Formation of paxillin-containing adhesions in areas devoid of QDs suggested that these newly formed structures are spatially distinct from hyaluronan adhesions ( Figure 1A) . In order to further characterize the spatial relationships between these adhesions, chondrocytes expressing paxillin-GFP were fixed 20 min after seeding on uncoated glass, and labeled for the hyaluronan receptor CD44, vinculin, and phosphotyrosine ( Figure 5B ). The CD44 localization is negatively correlated with paxillin-GFP ( Figure 5B , first row), in agreement with the QDs localization. This negative correlation between QDs and paxillin-GFP was also observed on serum-coated (data not shown) and fibronectin-coated glass surfaces ( Figure 5A ). Both the focal adhesion molecules vinculin and phosphotyrosine colocalize with paxillin-GFP in a typical pattern of focal adhesions (Zamir et al, 1999) (Figure 5B , second and third rows, respectively). Similar results were obtained for cells that were seeded 10 min before fixation (data not shown). We conclude that there are two distinct structures that mediate the early stages of cell-surface adhesion. The first structure formed, which mediates the initial surface interactions, contains hyaluronan and is CD44-bound. Paxillin-and vinculin-rich focal adhesions form at a later time and are independent of the first structures, so much so that they are reciprocally exclusive.
Focal adhesion formation is modulated by hyaluronan
The hyaluronan pericellular coat forms a micrometer-thick barrier between the cell membrane and the adhesive surface. This layer can thus modulate the extent, pattern, and dynamics of cell-matrix adhesion. In order to study the effect of hyaluronan on focal adhesion formation, chondrocytes expressing paxillin-GFP were treated with hyaluronidase (from bovine testes or from Streptomyces hyalurolyticus), an enzyme that cleaves hyaluronan. Upon this enzymatic treatment, the hyaluronan pericellular coat is reduced below detection levels. This was established using several independent microscopy methods, including environmental scanning electron microscopy and particle exclusion assay (Cohen et al, 2003) , and direct labeling with bHABP and streptavidin-conjugated CY3 (data not shown). Furthermore, hyaluronidase treatment inhibits or slows down the hyaluronan-dependent adhesion of cells to various substrates (Hanein et al, 1993 (Hanein et al, , 1994 Zimmerman et al, 2002; Cohen et al, 2003) . The treated cells were then seeded on glass plates and their adhesion and spreading were monitored using timelapse video microscopy under TIRF illumination. Images were collected every 15 s for 15 min, starting 1 min after seeding. The formation of paxillin-containing structures in hyaluronidase-treated cells was compared with their formation in untreated cells (Supplementary Movie 4) .
In the presence of pericellular hyaluronan, the cells form many small paxillin-containing structures all over the contact area ( Figure 6A and E). Hyaluronidase-treated cells form fewer dot-like paxillin-mediated adhesions, which are primarily located at the cell periphery ( Figure 6B and E). These differences appear to be transient, since upon longer incubation (e.g. 60 min after seeding) both untreated and hyaluronidase-treated cells form large apparently indistinguishable focal adhesions at the cell periphery ( Figure 6C and D, respectively) .
In order to visualize the dynamics of focal adhesion formation and reorganization, temporal fluorescence ratio image (FRIT) analysis (Zamir et al, 2000) was performed based on these TIRF movies (Figure 7) . The FRIT images indicate that cells with intact pericellular hyaluronan form many new paxillin-containing structures (blue pixels in Figure 7A ) that are visible in each of the frames (taken at 15-s intervals). Once formed, these structures remain stable (yellow pixels; Figure 7A ). In contrast, hyaluronidase-treated cells initially form few central paxillin-containing structures, which migrate to the periphery or dissolve and disappear (red), while additional paxillin-containing structures appear, mainly at the cell periphery, about a minute after the first structures are formed ( Figure 7B ). We conclude that the hyaluronan pericellular coat promotes the nucleation of nascent adhesions between the cell and the substrate and stabilizes these adhesions. Hyaluronidase-treated cells adhere to the substrate less efficiently, forming fewer adhesion sites, which, once formed, grow rapidly to large sizes at the cell periphery.
Discussion
In this study, we explored the dynamic relations between early hyaluronan-mediated adhesion of cultured chondro- cytes and the formation of integrin-mediated contacts. Chondrocytes, the cartilage-forming cells, are surrounded by a several micrometer-thick pericellular coat (Lee et al, 1993; Knudson and Loeser, 2002; Cohen et al, 2003) comprised of a hyaluronan scaffold, decorated with aggrecan and additional link proteins (Knudson and Loeser, 2002) . This thick pericellular coat mediates, initially, 'soft contacts' of chondrocytes with the substrate (Cohen et al, 2003) , which are sensitive to external mechanical perturbation. The TIRF measurements presented here indicate that, during this early phase, lasting 2-10 min, no paxillin-containing structures are formed, and adhesion appears to be mediated by the (Figure 1 ). Once the cell membrane enters the B240 nm-thick 'TIRF zone', integrin adhesions are formed, and paxillin is recruited to the nascent adhesions within seconds thereafter (Zaidel-Bar et al, 2004) . These adhesion structures tether the cells to the surface with much greater force compared to the hyaluronan-based adhesions. Cells with only two or three visible paxillin-containing structures, are resistant to mechanical perturbations, such as shear stress, that are sufficient for detaching cells that are tethered to the surface via the hyaluronan coat (Cohen et al, 2003) . For integrin molecules to be able to bind their respective ligands (Hynes, 1992; Martin et al, 2002) , the micrometer-thick hyaluronan coat must be modified by the cell so as to allow the formation of direct integrin-ligand interactions. At least three mechanisms for modifying the hyaluronan coat may be considered: (1) lateral displacement of hyaluronan from the cell-substrate interface to the cell periphery, (2) enzymatic degradation or endocytosis of the pericellular coat, (3) collapse of the pericellular coat on the substrate to a thickness that permits the formation of integrin-mediated adhesions . Monitoring the fate of hyaluronan during the spreading process indicated that there is no apparent directional displacement of hyaluronan from underneath the cell ( Figure 1E ). Rather, hyaluronan accumulates at the cell-surface interface and remains trapped there throughout spreading, accumulating in large pockets, a few square micrometers wide and several hundreds nanometres thick (Figures 2-4) . These regions resemble in their dimension and overall distribution the broad areas located between focal adhesions, which were defined, based on interference reflection microscopy, as 'close contacts' Lochner, 1976, 1980) . Close contacts are highly dynamic structures whose dimensions are strongly affected by ambient pH, such that reduction of pH in the medium to below 6.2 results in extension of close contacts area, combined with decrease in cell-substrate separation (Avnur and Geiger, 1981) . Interestingly, grafted hyaluronan is also sensitive to pH and ion concentration (Albersdorfer and Sackmann, 1999) , as expected from polyelectrolyte gels. The role of close contacts has not been elucidated, yet they appear to be interspaced between focal adhesions and precede their formation, similar to the behavior of the hyaluronan-based contacts observed here. What is the role of the transient, hyaluronan-mediated adhesions? The results presented here, together with those of previous studies (Cohen et al, 2003) , suggest that the hyaluronan pericellular coat greatly facilitates the nucleation of integrin adhesion formation both on serum-coated, fibronectin-coated and uncoated glass surfaces. Hyaluronan-mediated interaction with these surfaces precedes the formation of focal adhesions by a few minutes, and the focal adhesions formed do not colocalize with CD44 and hyaluronan-bound QDs (Figures 3 and 5) . This implies that the two adhesion systems involved are functionally inter-related, but spatially segregated. Hyaluronan mediates specific recognition of the adhesive substrate, tethering of the cell membrane to the surface, and brings the integrin receptors in close proximity to their matrix-associated ligands (Hanein et al, 1993 (Hanein et al, , 1994 Zimmerman et al, 2002) .
Indeed, live cell monitoring of focal adhesion development in the presence and absence of surface hyaluronan using TIRF microscopy shows that the hyaluronan coat nucleates the formation of multiple dot-like, paxillin-containing structures throughout the entire ventral cell surfaces ( Figure 6A and E). Removal of the pericellular hyaluronan coat suppressed the formation of such adhesions ( Figure 6B and E) , and delayed the formation of focal adhesions at the cell periphery (see Supplementary Movie 1). It is conceivable that, following the establishment of the first hyaluronansubstrate contacts, the hyaluronan layer collapses, either due to its binding to the surface or as a result of cell-induced changes in its immediate environment, reducing the gap between the cell membrane and the matrix . This would allow integrins to bind to their specific adhesive ligands and trigger the initiation of focal adhesion formation (Geiger and Bershadsky, 2002) . The mechanism for the collapse of the hyaluronan coat, however, has not yet been established.
The mechanism for the transition between hyaluronan-and integrin-mediated adhesion is not clear. In a conceivable scenario hyaluronan-mediated tethering may also function in the transmission of adhesion-mediated signals, in addition to its mechanical role in cell adhesion. CD44, which is a major hyaluronan receptor (Knudson and Loeser, 2002) , is a transmembrane molecule, whose cytoplasmatic domain interacts with actin-associated ERM proteins (ezrin, radixin, moesin), as well as with ankyrin, which interacts with the cytoskeletal component spectrin (Ponta et al, 2003) . These interactions of the CD44 tail are phosphorylation dependent and were reported to involve the activation of Rho signaling (Bourguignon et al, 1999; Ponta et al, 2003) . Furthermore, engagement of CD44 was reported to promote integrin activation (Fujisaki et al, 1999; Khan et al, 2004) . The mutual exclusive distributions of focal adhesion components and CD44 ( Figure 5 ), as well as the distinct distributions of hyaluronan (decorated with QDs) and focal adhesions (decorated with GFP-paxillin), suggest that the crosstalk between these two adhesion systems is based on long-range interactions rather than on direct coupling of the adhesion receptors involved. These data, while being rather indirect and often circumstantial, raise the attractive possibility that interaction of the hyaluronan coat with the external surface might be 'sensed' by the cell, and trigger signaling events, minutes before integrin becomes engaged. This would provide an attractive model for 'remote mechanosensitivity', through which cells may 'sense' tethering to an external matrix from a distance of a few micrometers and respond to it by activating adhesion.
Materials and methods
Cell culture RCJ-P chondrocytes (rat chondrocytes from fetal calvaria, batch 15.01.98; Prochon Biotech, Rehovot, Israel) were cultured at 371C in a humidified atmosphere of 5% CO 2 in air in a-minimum essential medium (Biological Services, The Weizmann Institute) supplemented with 15% fetal calf serum (Biolab Ltd, Jerusalem, Israel).
Immunochemical reagents
The primary antibodies used in this study included: rabbit antiphosphotyrosine (PT40, kindly provided by Israel Pecht and Arie Licht, The Weizmann Institute), monoclonal antibody anti-vinculin (clone hVin-1, Sigma Chemical Co., St Louis, MO), and rabbit anti-CD44 (HCAM, H-300, Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Second antibodies used in this study were Cy3-conjugated goat anti-mouse IgG and Cy3-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories Inc., West Grove, PA).
Fusion protein construction
Full-length human paxillin was subcloned into pEGFP-C3 vector (Clontech, Palo Alto, CA). The fusion protein (paxillin-GFP) was then cut with SnaBI and SalI restriction enzymes and ligated into pBABE at the multi-cloning site. RCJ-P cells were infected with the fusion construct, clones were isolated by fluorescence-activated cell sorter (Flow Cytometry Unit, The Weizmann Institute), and a single clone was then selected.
Immunofluorescence staining
Cells were seeded on tissue culture dishes and allowed to adhere for 20 min. They were then fixed-permeabilized with 3% paraformaldehyde (MERCK, Darmstadt, Germany), 0.5% Triton X-100 (Sigma) in PBS for 2 min, and post-fixed with 3% paraformaldehyde for 25 min. The cells were then washed with PBS and stained with primary antibodies for 45 min. For anti-HCAM staining, the permeabilization step was skipped. After washing with PBS, the cells were stained with secondary antibodies. Finally, the cells were washed with PBS and examined by TIRF microscopy.
Cell treatment with hyaluronidase
Cells were suspended using trypsin-EDTA (Biological Services, The Weizmann Institute), centrifuged, and re-suspended in culture medium. Hyaluronidase was added to the suspended cells to a final concentration of 500 U/ml (hyaluronidase type IV-S from bovine testis, Sigma) or 0.15 U/ml (hyaluronidase from S. hyalurolyticus, Sigma). To test the potency of the enzyme, the loss of pericellular coat was assayed by a bead-exclusion test (Cohen et al, 2003) . Incubation was performed at 371C for 15 or 60 min, respectively. Cells were washed three times to remove residual enzyme and hyaluronan fragments. Cells were then re-suspended in serumcontaining medium.
Hyaluronan labeling with QDs or colloidal gold
Cells were seeded sparsely on tissue culture dishes and allowed to adhere for 1 h, then 5 mg/ml biotinylated hyaluronan-binding protein (bHABP, Seikagaku, Japan) was added for 2 h. The cells were washed three times with medium and incubated for 30 min with 20 nM streptavidin-conjugated Qdots 655 nm (Quantum Dot Corporation, Hayward, CA), or 1:100 streptavidin-conjugated 20-nm gold particles (BBInternational, Cardiff).
Sample preparation for TIRF microscopy Suspended cells were washed twice and re-suspended in Dulbecco's minimum essential medium without riboflavin and phenol red (Biological industries, Beit Haemek, Israel) supplemented with 30 mM HEPES (Sigma) and 15 or 0.5% fetal calf serum. The cells were then seeded on 35-mm culture plates with glass bottoms (Mattec, Ashland, MA) that were pre-incubated for 1 h with 15 or 100% fetal calf serum or with 10 mg/ml fibronectin (Sigma), and examined in an Olympus IX81 inverted microscope equipped with IX2-RFAEVA TIRF attachment (Olympus, Tokyo, Japan). Light from an argon ion laser Model I77 (lines 488 nm, 514 nm) (SpectraPhysics, Mountain View, CA) was introduced into the sample through a high numerical aperture objective lens (63 Â OHR; NA 1.45, Olympus). Time-lapse movies were taken starting 1 min after seeding, using a cooled CCD camera, Quantix 57, with EEV 57-10 back-illuminated CCD chip (Photometrics, AZ). Temperature was kept at 371C during the experiments using the Cube&Box Temperature Control System from Life Imaging Services (Reinach, Switzerland).
Sample preparation for 'wet' scanning electron microscope examination Suspended cells were washed twice and re-suspended in a-minimum essential medium supplemented with 15% fetal calf serum. They were then seeded in QX TM chambers (Quantomix Ltd, Rehovot, Israel) that were preincubated for 30 min with 25 mg/ml fibronectin (Sigma), and allowed to adhere for 5, 10, 20 or 30 min. Cells were fixed with 2% glutaraldehyde in 0.1 M cacodylate buffer, 5 mM CaCl 2 , pH 7.2, for 30 min. They were then rinsed six times with 0.1 M cacodylate buffer, and six times with water for 5 min each. The samples were incubated with silver enhancing kit for 4 min (batch 5521, BBInternational, Cardiff), and washed extensively with water. The samples were examined in the environmental scanning electron microscope, XL 30 ESEM FEG (Philips/FEI) at 25 kV, using a low vacuum mode.
Image processing
Temporal fluorescence ratio imaging (FRIT) for comparing images of GFP fluorescence, acquired at two different time points, and fluorescence ratio imaging (FRI) for comparing two fluorophores were performed as described (Zamir et al, 1999) . In short, images were subjected to high-pass filtration to remove background labeling and to avoid the generation of 'noisy' images resulting from the presence of low-intensity pixels in the numerator or denominator. Ratio values were calculated pixel by pixel and displayed using a spectrum scale (Zamir et al, 1999) . In FRIT, the numerator and the denominator correspond to the earlier and later images, respectively, so that blue color indicates a new structure and a red color indicates a structure that has disappeared. In FRI, the numerator and the denominator correspond to GFP and CY3, respectively. Thus, the blue color indicates structures rich with GFP and the red indicates structures rich with CY3.
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